Bone sections including either titanium or porous tantalum implant devices used for interbody spinal fusion were investigated with position-resolved small angle X-ray scattering (sSAXS). The samples were obtained from sixmonth-old pigs that had undergone surgery three months prior to sacrifice. The aim of the study was to explore the possibility of using sSAXS to obtain information about thickness, orientation and shape/arrangement of the mineral crystals in bone near the implant surfaces. Detailed sSAXS scans were carried out in two different regions of bone adjacent to the implant in each of the implant samples. In the implant vicinity the mineral crystals tended to be aligned with the surface of the implants. The mean crystal thickness was between 2.1 and 3.0 nm. The mineral crystal thickness increased linearly with distance from the implant in both regions of the porous tantalum implant and in one of the regions in the titanium sample. In the second region of the titanium sample the thickest mineral crystals were found close to the implant surface. The observed differences in mineral thickness with distance from the implant surfaces might be explained by differences in mechanical load induced by the implant material and the geometrical design of the implant. The study shows that sSAXS is a powerful tool to characterize the nanostructure of bone near implant surfaces.
Introduction
The formation of bone around the implant is the basis for the long-term mechanical fixation of the implant in vivo. When new orthopaedic implant devices are tested in animal models prior to clinical use in humans, the integration of the implant in bone is typically evaluated using various laboratory tests such as histomorphometry, micro-CT analysis and mechanical tests (Melsen and Steiniche, 1993; Gefen, 2005) . These methods provide useful information about bone in-growth into and around the implant surface on a micrometer length scale and about the mechanical stability of the bone/implant integration; both of which are relevant parameters for the evaluation of the capabilities of the implants. However, these techniques do not offer direct information on the length scale of the bone matrix constituents, like collagen fibres and carbonated hydroxy apatite crystals (HA), which have structural features within the 1-100 nm length scale (Mann, 2002) .
During bone formation, osteoblasts produce a mineralizable organic bone matrix rich in collagen type I that is subsequently mineralized under the influence of non-collageneous matrix proteins (Young, 2003) . The mineralization of the organic bone matrix results in the formation of plate shaped HA crystals with dimensions of the order of 40×10×2.0-3.0 nm (Mann, 2002) . Most of the HA plates are located in close connection to the collagen type I fibres with the long plate dimension oriented in the direction of the collagen fibres (Landis, 1999) . The process of bone formation around an implant is affected by several factors including the implant material, mechanical load, growth factors and hormones (Albrektsson and Johansson, 2001 ). However, further insights into the extent to which these factors influence the structure of bone on the nanometer length scale around implants is needed. It is conceivable that the structure of bone at the nanometer length scale reflects both the chemical, mechanical and geometrical properties of the implant and the local environment around the implant in vivo. Non-destructive techniques probing the nanometer length scale is therefore required. Small angle X-ray scattering (SAXS) is the technique of choice, which offers unique information about the thickness, orientation and shape of the mineral plates (Fratzl et al., 1991; Fratzl et al., 1992; Fratzl, 1994; Fratzl et al., 1996) . We have previously shown that the SAXS technique can be used 
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to measure the growth of HA mineral plates during endochondral ossification and provide structural information about the unmineralized fibrous tissue (Bünger et al., 2006) . Here, we apply position-resolved scanning SAXS (sSAXS) to gain information about the nanostructure of bone around two implant devices with significantly different properties. The two implants are made of titanium (Ti) and porous tantalum (Ta), respectively. These materials are commonly used for bone implants in joint replacement applications, because both materials are biocompatible and bone conductive (Albrektsson and Johansson, 2001; Bobyn et al., 2004) . With respect to spinal surgery, these properties have resulted in the development of implant devices for interbody spinal fusion. The investigated bone-implant specimens were obtained from two previous studies, where different types of spinal implants devices were experimentally tested in an anterior interbody lumbar spinal fusion model in pigs (Zou et al., 2004; Li et al., 2005) . Both devices have a central hole allowing bone to grow through the implant and that thereby enhancing osseous integration. The Ta implants has a porous wall structure that provide additional tissue integration (Zou et al., 2005; . The pores make up about 70% to 80% of the wall volume and have an average pore size of 400 to 500 µm. They are fully interconnected and result in an implant with a stiffness similar to the one found in trabecular bone . Some of us previously found that the Ti and porous Ta implants provide solid spinal fusion in 80-90% of the cases (Zou et al., 2004; Li, 2004; Li et al., 2005 , Zou et al., 2005 . However, the porous Ta has the advantage of requiring a smaller amount of bone graft in the central hole of the implant. Here, we extend the clinical studies by investigating the nanostructure of bone near two representative implant samples. The aim of the present study is to explore the possibility of using sSAXS to characterize the organization of crystallites and molecules in bone near and around the implants. A detailed understanding of the ultrastructure of bone around and near implants, and how this is related to the implant properties, may in the long term provide inspiration for the development of new implant materials.
Materials and Methods
Samples
The samples were obtained from our previous studies (Zou et al., 2004; Li et al., 2005) . Briefly, the spinal implants of Ti and porous Ta were inserted into two different threemonth-old Danish landrace pigs weighing approximately 50 kg. The implants were filled with bone graft from the iliac crest and inserted into the intervertebral disc space at different levels of the lumbar spine according to the experimental design. The pigs were sacrificed at the age of six months, and the lumbar spine including the implants was obtained. The specimens were dehydrated in a graded series of ethanol (70% to 96%) containing 0.4% basic fuchsin, which stains anionic structures in reddish colours, and embedded in poly-methylmethacrylate (PMMA).
For histological analysis and SAXS, parallel sections with a thickness of approximately 40 and 190 µm, respectively, were cut using a KGD 95 sawing microtome (Meprotech, Heerhugowaard, Netherlands) . Since the thickness of the SAXS sections did not allow proper light microscopy imaging, sections parallel to the SAXS samples were used for histology. Prior to imaging, the sections for histological analysis were counterstained for bone with 2% light green for two minutes.
sSAXS setup
The experiment was performed on a modified SAXS Nanostar (Bruker-AXS GmBH, Germany) (Pedersen, 2004) using an X-ray generator with a rotating copper anode (45 kV / 90 mA; Cu-Ka, λ = 0.154 nm). The scattered photons were collected by a Bruker AXS HI-STAR position-sensitive area detector. The direct X-ray beam was blocked by a beam stop (Ø=3.0 mm) placed in front of the detector. The implant samples were mounted in a motorized sample holder, which allowed scanning of the sample in the X-ray beam with a precision better than 0.1 µm in the horizontal (x) and vertical direction (y). The diameter of the X-ray beam at the sample position was 100 µm. Consequently, all data correspond to the average over a specimen volume laterally defined by the diameter of the X-ray beam. In all scanning experiments, the step width in the x and y directions was 50 µm to allow distinguishing variations at distances smaller than the beam diameter. Both survey X-ray transmission and SAXS intensity scans were conducted on each sample with a measurement time of 1 s/point. The transmission scan was carried out by placing a uniform strongly scattering specimen (glassy carbon) right after the bone sample. In this case the integrated scattering intensity is proportional to the transmission of the X-ray through the bone and/or implant.
Following the initial scans, detailed investigations were made of seven and ten different regions in the Ti and Ta implant sample, respectively. The number of recorded SAXS 2D frames was approximately 1000 frames in each of the implant samples. Here, we discuss results from two representative regions in each of the samples; the other areas displayed similar behaviour. In order to improve the statistics of this investigation, the measurement time was increased to 100 s per point. Data points without bone or fibrous tissue were excluded using a filter variable based on the integrated SAXS intensity. The remaining data analysis and visualization was done using home written Matematica5® routines.
SAXS data evaluation
The X-ray beam is scattered by variations in the electron density of the sample on the nanometer length scale. In the bone, the variation in electron density is mainly due to differences in electron density between inorganic minerals and organic molecules. In this good approximation the SAXS technique offers unique information about mineral particle thickness, T, orientation and shape (Fratzl et al., 1991; Fratzl et al., 1992; Fratzl et al., 1996; Rinnerthaler et al., 1999) . The SAXS data were analyzed, and these parameters were determined using a previously described procedure (Bünger et al., 2006) . Here, a brief summary is given. The scattered intensity is a function of the scattering sSAXS investigations of bone nanostructure near implants angle, 2θ, and the azimuthal angle, χ, that is the angle extending around the incident X-ray beam. The length of the scattering vector, q, is related to the angle by:
I q (χ) and I(q) were calculated from the 2D spectra by integration from q min = 0.00966 Å -1 and q max = 0.3484 Å -1
for I q (χ) and by averaging over the full 360° of χ for I(q). The presence of oriented structures, e.g., mineral crystals in bone, in the volume interacting with the X-ray beam results in a SAXS pattern that is not radially symmetric around the direct beam; an azimuthal dependence directly related to the predominant orientation of the mineral plates is obtained (Fig. 1A) . This azimuthal dependence of the intensity can be determined from the radially integrated intensity, I q (χ). In the region of bone, the I q (χ)-distributions have two symmetrical peaks separated by 180° (Fig. 1B) . In an automated procedure using a home-written analysis program, each I q (χ) curve was fitted with two Gaussians curves with the same height and width and separated by 180° plus a constant background. We have used the direction of the long axis of the HA plates, which is parallel to the crystallographic c-axis, to indicate the predominant orientation. Furthermore, a parameter describing the projected degree of orientation, PDO, of structures within the probed sample volume can be obtained from the ratio of the intensity of the two Gaussians curves and the total scattering intensity. Note that both the predominant orientation and degree of orientation should be regarded as the 2D projection of the particles perpendicularly to the beam (Rinnerthaler et al., 1999) .
The scattering vector modulus, q, reflects the typical length scale in the investigated material ξ ≈ π/q. Thus, information about the particle shape and characteristic thickness is obtained from different domains of the SAXS intensity averaged over the azimuthal angle, I(q) ( Figure  1C ). The particle shape can be described by the shape parameter, α, which is determined from power-law fits (I(q) = Aq -α ) to the q region between 0.015-0.06 Å -1 in the present case. The shape parameter, α describes the shape and relative arrangement of the minerals in bone. For example, needle-shaped and plate-like particles show α = 1 and α = 2, respectively. The magnitude of α is thus directly related to the dimensionality of the particles considered. For non-integer values of α, the particles are termed fractals of dimensionality d f = α (Poon and Haw, 1997). The higher the value of d f , the more dense and compact is the structure of the bone.
In the high-q range the scattering intensity follows the Porod behaviour I(q) = Pq -4 , for all types of particles with a sharp surface, where P is the Porod constant (Lindner and Zemb, 2002) . For a two-phase system the Porod region provides information about the total interface area. In the present case, the Porod region was found at q > 0.20 Å -1 . The mineral crystal thickness, T, was obtained from (Poon and Haw, 1997) . P was determined by fitting I(q)= Pq -4 to the data, while the integral was evaluated numerically in the q-range q min -q max . The contributions outside this range were calculated analytically by extrapolating in the following manner: I(q) = I(q min ) for q< q min and I(q) = Pq -4 for q> q max. For twophase systems with sharp interfaces (like mineral particles embedded in collagen), T describes the volume to surface ratio of the particles without any assumptions about shape (Rinnerthaler et al., 1999) . Specifically, if the particles are plate-like, the T parameter is a measure of the mean thickness (Fratzl, 1994) .
Results
Histology
Optical microscopy images of the Ti and Ta sample are shown in Figures 2A and 2B , respectively, while Ti-1', Ti-2', Ta-1' and Ta-2' are high magnification images of positions corresponding to the ones studied in detail by SAXS. Bone (green) in-growth accounted for approximately 2/3 of the cage height in the Ti implant sample ( Fig. 2A) , while new bone bridged the central hole completely in the Ta implant (Fig. 2B ). In the Ti sample the central hole of the implant was only partly bridged by bone and a gap without bone was found in a large region between the two columns of in-growing bone. Futhermore, a gap between bone and implant was observed in several regions ( Fig. 2A) . This situation was similar to our previous observations for this type of implant, and is most likely due to shrinkage of the tissue in the fixation process (Li, 2004) . In the Ta sample no gap between bone and implant was observed, and it was apparent that bone grows into the porous Ta implant material (Fig. 2B) . In both implant samples, bone was especially present at positions along the edges of the implant. The bone graft inserted in the hole of the two cages during surgery cannot be observed in the two samples and is most likely completely resorbed. Figure 3A shows the integrated intensity of the transmitted X-ray signal of the Ti implant sample. The attenuation of the intensity of the transmitted X-rays by the sample was proportional to the electron density of the sample at the position probed. Low X-ray transmission was therefore found in the regions with high electron densities, e.g. of implant and bone (black, no transmission). This was in contrast to the positions of bone marrow cavities, and the gaps between bone and implant where high transmission was found due to the low electron density of the PMMA support. Figure 3B displays the integrated SAXS intensity, which originates from nanometer scale variations in electron density. A high SAXS signal was found in the regions of bone due to differences in electron density between the organic matrix and the inorganic crystallites. Low SAXS intensity was found at the positions of implant material and in the bone marrow cavities. The observed scattering properties of bone were consistent with previous observations (Fratzl et al., 1991; Fratzl et al., 1996 , Bünger et al., 2006 . The two areas marked with Ti-1 and Ti-2 in Figure 3A represent regions of which detailed scans were performed. Ti-1 is located at the superior side of the implant towards the vertebral bone (n= 273 points), while Ti-2 aligns the implant surface inside the central hole of the implant and (n=173 points).
sSAXS -Ti sample
The average PDO was 27.0 ± 16.4% and 34.1 ± 15.1% (mean ± standard deviation (SD)) in Ti-1 and Ti-2, respectively ( Table 1 ). The predominant orientation of the mineral particles in Ti-1 was parallel to the implant surface ( Fig. 3 : Ti-1 -PDO). However, the predominant orientation changed significantly within approximately 100 µm from the implant surface, coinciding with low PDO values and the particles being predominantly aligned perpendicular to the implant plane. In contrast the predominant orientation was approximately parallel to the surface throughout the thickness of the bone investigated in region Ti-2 (Fig. 3: Ti-2 -PDO) .
Panels Ti-1 -T and Ti-2 -T of Figure 3 illustrate the thickness parameter T by the colour code. In Ti-1, the mean T was 2.50 ± 0.17 nm (mean ± SD), while it was 2.43 ± 0.16 Å in Ti-2 (Table 1) . High values of T of approximately 2.7-2.8 nm were found close to the implant surface in Ti-1, especially in the lower and right part of the investigated region (Fig. 3: Ti-1-T) . In contrast to this, the smallest values of T in Ti-2 were found close to the implant, with values of around 2.2-2.3 nm (Fig. 3 : Ti-2 -T). The shape parameter, α, ranged from 1.6 to 2.2 in Ti-1 (Fig. 3 : Ti-1 -α) and 1.8 to 2.2 in Ti-2 (Figure 3 : Ti-2 -α, ) (Table 1) . Interestingly, in Ti-1 low values of α around 1.6-1.7 were found in the region of bone approximately 100 µm, where also low PDO values and change in predominant crystal orientation were found.
To look for systematic variations in PDO and T with the distance from the implant surface, we calculated the average value of these parameters as a function of the shortest distance to the surface. No systematic trends in the averaged value of PDO were found in the data corresponding to area Ti-1 in Figure 3 . The averaged PDO ranged from 16.7 ± 2.6 % (average ± standard error of mean (SEM)) to 39.1 ± 4.2 % at distances 150-200 µm and 600-650 µm from the implant surface, respectively (Fig. 4A) . Lower values tended to be closest to the implant surface. In Ti-2 a strong linear increase in PDO from 29.4 ± 4.6 % to 44.0 ± 4.0 % over a distance of 500 µm (linear regression analysis: R = 0.93, P<0.0001) was observed (Fig. 4B) .
The T vs. distance to implant surface-plot shows the highest values of T close to the implant surface in Ti-1 (Fig. 4C) . For the positions within 0-50 µm of the surface, T was around 2.72 ± 0.04 nm (average ± SEM). From the implant surface and outward T decreased to 2.38 ± 0.01 nm at a distance of 300-400 µm and then increased slightly to approximately 2.45 ± 0.01 nm around 600 µm from the surface. In Ti-2 a linear increase in T with distance from the implant was found (Fig. 4D ) (linear regression analysis: R = 0.98, P < 0.0001). The increase in T ranged from 2.20 ± 0.04 nm to 2.57 ± 0.03 nm over the distance from 400 to 950 µm from the implant surface.
sSAXS -Ta sample
Survey scans of the Ta sample are shown in Figs. 5A (transmitted X-ray intensity) and 5B (integrated SAXS signal). Detailed scans were made of the areas marked with Ta-1 and Ta-2 in Figure 5A . Area Ta-1 was within the hole in the implant (n=213), while Ta-2 was at the bottom side of the implant (n=281). The complicated geometry made a determination of the exact position of the implant surface uncertain, however general trends could be extracted. The predominant orientation of the particles tended to be parallel to the implant surface in both regions (Fig. 5 : Ta- 1 and Ta-2 -PDO). Further away from the implant, the predominant orientation was parallel to the surface of the implant in Ta-1 (Fig. 5 : Ta-1 -PDO), while it was perpendicular to the implant in Ta-2 (Fig. 5 : Ta-2 -PDO). The mean PDO was 27.0 ± 15.5% (mean ± SD) and 26.2 ± 15.2% for Ta-1 and Ta-2, respectively (Table 1) .
T was generally higher in Ta-1 (2.49 ± 0.10 nm (mean ± SD)) than in Ta-2 (2.34 ± 0.11 nm) (t-test: p<0.0001) (Fig. 5 : Ta-1 and Ta-2 -T and Table 1 ). However, the smallest T-values were found towards the implant surfaces in both regions. In area Ta-1, α was between 1.9 and 2.5, with the highest values found towards positions removed by the filter based on the integrated SAXS intensity (Fig.  5 : Ta-1 -α); an influence from the surrounding matrix cannot be ruled out. The magnitude of α was similar in Ta-2 (2.0 ± 0.1 (mean ± SD)) ( Table 1) . As in the Ti implant sample the smallest values of the shape parameter, around 1.8, was found at the positions with the highest T (Fig. 5 : Ta-1) (linear regression analysis: Ta-1; R = -0.35, P<0.0001. Ta-2; R = -0.59, P<0.0001). Figure 6 shows the average PDO and T as a function of distance from the implant. In Ta-1, low PDO values were found both close to the implant and further away from the implant with values of 23.7 ± 2.9 % (average ± SEM) and 25.1 ± 4.7 %, respectively (Fig. 6A) . In between, higher values around 31 % were found. In Ta-2, a significant linear increase in PDO from 23.5 ± 2.1 % close to the implant to 41.4 ± 3.8 % 500 -550 µm from the implant (R = 0.9, P<0.0001) was found (Fig. 6B) . In both regions, the crystallite thickness, T, increased linearly with distance from the implant. In Ta-1 the increase in T was from 2.43 ± 0.01 nm (average ± SEM) to 2.58 ± 0.11 nm over a distance 0 to 350 µm (linear regression analysis: R = 0.98, P<0.0001), (Fig. 6C) , while in Ta-2 the increase was from 2.24 ± 0.01 nm to 2.48 ± 0.05 nm from the implant and 550 µm into the bone (linear regression analysis: R = 0.98, P<0.0001) (Fig. 6D) . (Fig. 2) . For the region Ti-2 there might be an offset in the measured distance from the implant because of shrinkage in the fixation process. The measured distance from the implant might therefore not reflect the actual distance from the implant in vivo. sSAXS investigations of bone nanostructure near implants
Discussion
In the present study we have applied sSAXS to characterize the nanostructure of bone at and around a Ti and a porous Ta implant in a pig anterior lumbar interbody fusion (ALIF) model. The predominant orientation of the mineral crystallites closest to the implant is found to be parallel to the implant surface in all areas investigated, even though the geometry of the implants varies significantly. This indicates that the implant surface influences the orientation of the mineral phase on a nanometer length scale in the 100 µm region closest to the implants. These results are in perfect agreement with previous work by Cedola et al., 2006 that found mineral crystals to be aligned with the surfaces of subcutaneously implanted scaffolds in a nonloaded model in mice (Cedola et al., 2006) . The minerals in bone are believed initially to predominantly grow within gaps in the collagen type-I fibrils under influence of noncollageneus molecules (Landis, 1999; Landis et al., 1993) . It is therefore likely that the effect of the implant on mineral particle orientation is mediated by alignment of organic We observed a systematic change in the magnitude of the PDO with distance from the implant surface in two out of four regions (Ta-2 and Ti-2), with the lowest values close to the implant (Figs. 4B and 6B) . The average magnitude of the PDO in the investigated regions ranges from approximately 15 to 45 % and is fully consistent with previous studies (Bünger et al., 2006; Rinnerthaler et al., 1999; Zizak et al., 2003) . The low PDO found close to the implant can either be explained by the mineral plates being less orientated within the probed volumes or the mineral plates being aligned perpendicular to the plane of the sample. In Ti-1, relatively high values of the averaged PDO, around 25-30%, are found next to the implant, followed by a decrease in PDO to around 16% 100-150 µm from the surface and an increase to approximately 40 % 600 µm from the surface. These changes in PDO coincide very nicely with the change in the predominant orientation. The HA crystals are predominantly aligned along the implant surface in the inner 100 µm zone towards the implant surface. From here the orientation changes into that of the ingrowing bone; it is at this region the low values of the PDO is found. Interestingly, small values of the shape parameter, α ~1.6, is also found in this region implying that the nanostructure of the bone is less dense than in the surrounding bone. An interesting open question is whether this zone with low PDO and low α values is a mechanically weak point, since it bridges the two mineral orientations with possible low density on the nanometer length scale; however, further studies are required to address this point.
The mean crystal thickness, T is between ~ 2.0 and 3.0 nm. This is in perfect agreement with previous SAXS findings where mineral thicknesses of 2-4 nm have been found in human vertebral bone (Rinnerthaler et al., 1999; Zizak et al., 2003) and values between ~2.0 to ~3.5 nm in six-month-old pig bone (Bünger et al., 2006) . In both samples, most values of α are between 1.6 and 2.4, which is slightly lower than in previous work on pig bone where values between 2 and 3 were found (Bünger et al., 2006) . α reflects the dimensionality and arrangement of crystallites in the bone. For needle-shaped and plate-like , 1997) . For non-integer values, the higher the value of α (below 3), the more dense and space filling is the arrangement of the crystallites. Therefore, we suggest that the crystallites observed in the present study range from needle-like crystallites with a fractal surface to plate-like crystals. Furthermore, the crystallites are arranged in a network that is less dense than in our previous growth plate study (Bünger et al., 2006) . Note that no correlation was found between α and T in any of the investigated regions. This means that bone with thick mineral crystals not necessarily has a structure that is more dense or space filling at the nanometer length scale.
Interestingly, we observed a significant increase in crystal thickness T with distance from the implant in both regions in the Ta sample (Figs. 6C and 6D ) and in the region inside the central hole of the Ti implant (Fig. 4D -Ti-2 ). In the pig neurocentral growth plate, we have observed an increase in T as a function of distance from the growth plate in a similar study (Bünger et al., 2006) . In that case, we suggested that T reflects the age of the bone. The findings in the present study are comparable to the magnitude and the increase in T in our growth plate study. It is possible that T also reflects the age of the bone in the present study, thereby revealing important information about how the bone grows onto the implant surface. This suggests that the youngest bone is found nearest to the implant surface in Ti-2, Ta-1 and Ta-2. In Ti-1 the situation is different and the highest values of T (around 2.7-2.8 nm) are found towards the implant surface (Fig. 3: Ti-1 -T) . Interestingly, at these positions small values of the shape parameter around 1.7 are found (Fig.  3: Ti-1 -α) . This indicates that the shape and arrangement of crystals in the region close to the implant are less dense from what is found in the surrounding bone, where higher values of the shape parameter are determined. It is likely that the implant plays an important role for the formation of bone with the combination of large T and small α values. However, high values of T associated with low values of the shape parameter are also observed in the Ta sample (Fig. 5 -Ta-2) . In contrast to Ti-1 the positions in Ta-2 are found further away from the implant. It is possible that these two regions of bone share ultra-structural properties, despite the fact that they are located at different positions with different distances from the implant.
We observed a marked difference in T behaviour as a function of distance from the implant between Ti-1 and Ti-2. In situ, the implants are inserted between two adjacent vertebral bodies of the spine. Thus, the implants are predominantly affected by a mechanical load in the axial direction of the vertebral spine due to the weight of the body (Smit, 2002) . The overall mechanical load on the two implants is similar, because the weight of the pigs is within the same range (~50 kg at surgery). However, as the Ti implant is much stiffer than bone a mechanical mismatch occurs at the bone-implant interface (Waite et al., 2004) . In vivo, the mechanical mismatch will give rise to interfacial stresses, which in turn affect the bone tissue in the contact zone between bone and implant. The interfacial stress depends on the difference in stiffness between implant and bone and to the magnitude of the mechanical load. In Ti-2 the T parameter increases linearly, while in Ti-1 high values are found at the implant surface. We propose that this difference originates from a difference in interfacial stress near the implant surface caused by lower mechanical load in the central hole of the implant originating from stress shielding. We find a linear increase in T as for Ti-2 at both Ta-1 and Ta-2, with higher values in Ta-1 than Ta-2. The stiffness of the porous Ta material is much like that of trabecular bone resulting in a small mechanical mismatch between implant and bone. Therefore, compared to the Ti implant, lower interfacial stresses are likely to be found in regions subjected to the same mechanical load. It is possible that the reason why we observe an increase in T with distance from the implant in both Ta-1 and Ta-2 is because of low interfacial stresses between bone and implant. Furthermore, the similar increase in T at the two positions leads us to suggest that the Ta implant does not provide any significant stress shielding from the overall mechanical load at region Ta-2. The Ta implant thereby provides similar conditions for bone in-growth within the central hole of the implant and at the end of the implant. Interestingly, the behaviour in T at Ta-1 and Ta-2 resembles that of region Ti-2 in Ti implant. One explanation of this similarity could be that the interfacial stresses at these different positions are the same. It is possible that the connection between T and interfacial stress is controlled by cells like osteoblasts that secrete molecules responsible for nucleation and growth of the HA-crystals. However, further studies are needed to shed light on this hypothesis.
In conclusion, the mineral crystals closest to the implant surface tended to be aligned with the implant surface, possible following the direction of collagen fibres on the implant surface. Detailed scans of two regions in the porous Ta sample and in one region in the Ti sample, revealed a gradient in T with the smallest values toward the implant surface. In the second region of the Ti sample the thickest mineral crystals were found towards the implant surface. The observed differences in mineral thickness with distance from the implant surfaces might be explained by differences in mechanical load induced by the implant material and geometrical design. The results demonstrate 
Discussion with Reviewers
Reviewer I: In the future it could be very interesting to further investigate the issue, opened by the present paper, regarding the relation between the crystal thickness and the mechanical load. In this regard the results should be considered, which were obtained in the case of engineered bone (Cedola et al., 2006) grown on the pore surface of a ceramic scaffold. In this case the scaffold was implanted subcutaneously on the neck of the animal (almost zero mechanical load) and the crystals, oriented parallel to pore surface, decrease their thickness linearly with the distance from the scaffold surface. Authors: We fully agree with the reviewer that the relationship between mechanical load and crystal thickness and orientation in bone is a very interesting subject and deserves attention in future studies. Several factors on different length scales, including for example the external mechanical load, local environment at the site of bone formation and properties (mechanical, structural and chemical) of the substrate/implant may potentially influence the growth and orientation of the mineral crystals in the forming bone. In the study by Cedola et al. (2006) collagen fibres and mineral crystals were aligned parallel to the scaffold surface in a non-loaded model. Our results are consistent with these findings and underline the important role of the implant/scaffold in the orientation of collagen fibers and mineral crystals.
T. Wess:
The α parameter needs to be discussed in more detail: this seems to have a similar information content to the η parameter used by Fratzl where the deviation from a Lorenzian profile gives some information on shape. Authors: Our shape parameter and Fratzl's η parameter reflect the same physics. The parameters are both related to the shape and arrangement of mineral crystals and molecules in bone. The magnitude of both parameters is independent of the thickness parameter. However, we have looked into the original literature and not been able to identify a simple relationship between the two parameters. We decided on using our approach because we feel that the fractal description used by us is more general concept, which can be used also when concentration effects are present.
T. Wess: I would like the authors to comment on the fact that their authors approach to estimation of crystallite thickness assumes that the volume fraction is constant and 50%. This is the value '4' in the formula quoted. Authors: The thickness parameter, T, is a good approximation of the mean mineral thickness in bone if it is assumed that the mineral crystals are plate shaped and the volume fraction of minerals in bone does not deviate significantly from 50 %. As described by Zizak et al. (2003) the value of T depends on the volume fraction of the two phases in the sample by the equation
where φ is the volume fraction of the mineral crystals and σ is the surface area of the minerals per unit volume bone. If there is no particle agglomeration, equation (1) can also be written as T = 2(1-φ)/(1/a+1/b+1/c), (2) where a, b and c are the plate dimensions (Zizak et al., 2003) . If the minerals are plate shaped with a<<b, c, then T is T = 2(1−φ)a,
If the volume fraction of the two phases deviates significantly from 50%, a systematic error is introduced. For say a volume fraction of 45%, T will be 10% larger than a.
In human trabecular bone the volume fractions of minerals have previously been estimated by quantitative backscatter electron imaging (qBSEI) to be approximately 35-40% (Roschger et al., 1998) . If the samples in the present study have a mineral volume fraction similar to these values from human bone, it is possible that our T values are systematically too low. In most of the literature, however, T values that have not been corrected for mineral volume fraction are reported and it therefore seemed most appropriate to report the uncorrected T values.
A large variation in the mineral volume fraction within the sample could be a problem in large scanning SAXS experiments if one is to look for trends within a sample. Small differences in T could be due to regional differences in the bone mineral volume fraction. However, the variation in mineral volume fraction within bone samples has previously been demonstrated to below approximately 5% (Zizak et al., 2003) , which leads to smaller differences in T than what we observe in the present study. Considering the full span estimated by Roschger et al. (1998) we obtain for φ= 40% and 30%, respectively: T=1.2a and T=1.3a. This leads to a maximal phase fraction induced variation of T of ∆T max = (1.2-1.3)/1.3 = 7.7%, which is smaller than the span of T-values measured. To test for correlations between phase fraction and T, we plotted T as a function of the relative transmission of the sample as measured in the survey scans. The latter is a function of the effective bone thickness and the phase fraction and thus not a direct measure of φ, but the best one available in the present case, where the sample thickness is comparable to the thickness of a single trabecula. We found no apparent correlation between transmission and T lending some support to the notion that the variations in φ are not dominant.
Finally, we wish to add that one potential difficulty in using qBSEI to correct for variations in mineral volume fraction is that this technique only probes the exposed surface layer and not the full thickness of the sample, which is what is sampled by SAXS.
